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Microstructure and magnetic properties of melt-spun Fe; B/Nd;Fe14B nanocomposites with compositions
(Ndj_yPry)ssFes7B1g5 (y=0.00,0.22, 0.45 and 0.66) have been investigated. Pr addition improves coerciv-
ity (jHc) and energy product (BH)max significantly from 2.6 kOe and 9.1 MGOe for y=0.00 to 3.6 kOe and
13.2 MGOe for y =0.45, but decreases remanent magnetization (M;). Further increase in Pr weakens the
exchange coupling interactions between the magnetically hard and soft phases. Effect of Pr on thermal
stability of ;H. and M is analyzed by performing high temperature magnetic measurements. Thermal
stability of ;H. decreases on Pr addition, whereas, that of M; is not affected significantly. Microstructural
parameters « and Negs describing the influence of the non-ideal microstructure and the effect of exchange
coupling on the coercivity are determined from the temperature dependence of coercivity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nanocomposite magnets consisting of a fine mixture of hard-
magnetic Nd,Feq4B and soft-magnetic Fe3B/«-Fe phases with grain
size in nanometer scale are potential materials for permanent mag-
net applications [1-5]. They exhibit remanent magnetization (M;)
exceeding Stoner-Wohlfarth limit of 0.5Ms, where Ms is saturation
magnetization [1]. This behavior, known as enhanced remanence,
is associated with exchange coupling interactions between the
hard and soft magnetic grains. Depending on the volume frac-
tions of the soft and hard magnetic phases the coercivity (;Hc)
adopts a value between 2 and 4 kOe [1,6]. A disadvantage of the
nanocomposite alloys is the decrease in ;H. accompanying the
M; enhancement, which adversely affects (BH)max, in spite of the
continuing increase in M;. Many attempts have been made to
improve ;Hc and (BH)max of the nanocomposites further by elemen-
tal substitution [7-11]. One such attempt is partial replacement
of Nd by Pr or Dy rare earth elements. The magnetocrystalline
anisotropy field (Ha) of ProFe 4B phase is higher compared to that
of NdyFe14B [12]. There are several reports on Pr substitution for
Nd showing an increase in ;H in single phase (Nd,Pr),Fe4B as well
as nanocomposite «-Fe/(Nd,Pr),Fe 4B [13,14]. Barra-Barrera et al.
studied the magnetic properties of Fe;B/Pr,Fe4B nanocomposite
alloys [15]. In the present study we have carried out a systematic
study of the effect of Pr substitution on the magnetic properties,
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their temperature dependence and exchange coupling behavior
in melt-spun Fe3B/Nd,Fe4B nanocomposites with compositions
(Nd1,yPry)4,5Fe77B18,5 (y=0.0, 0.22,0.45 and 0.66).

2. Experimental

Alloy ingots with compositions (Nd;_yPry)ssFe;7B1gs (y=0.0, 0.22, 0.45 and
0.66) were prepared by vacuum arc-melting. The ingots were melted four times
to ensure homogeneity. The arc-melted buttons were broken into small pieces and
melt-spun in argon atmosphere using a quartz nozzle with an orifice diameter of
~1mm. A wheel speed of 50 m/s was used to produce amorphous ribbons of the
alloys. The ribbons obtained are ~3 mm wide and ~35 pwm thick. The crystallization
temperatures of the as-spun ribbons were determined using differential scanning
calorimeter (TA instruments DSC-910) at a heating rate of 20 K/min under Ar gas
flow. The as-spun ribbons were vacuum-sealed in quartz tubes and annealed at tem-
peratures ranging from 863 to 988 K for 10 min to obtain fine nanosized grains and
optimize the magnetic properties. Phase identification of the as-spun and annealed
ribbons was carried out by X-ray diffraction (XRD) using a Philips PW-3020 diffrac-
tometer with 0.154056 nm Cu Ko radiation and thermomagnetic measurements.
Microstructure studies were carried out using transmission electron microscope
(TEM) (Technai F-20). Magnetic properties of the as-spun and annealed ribbons were
measured using a vibrating sample magnetometer (DMS model ADE-EV9) with a
maximum applied field of 20 kOe along the ribbon length. Magnetic phases present
in the heat-treated ribbons and their Curie temperatures (T¢) were determined from
thermomagnetic curves measured at a bias field of 1 kOe. The temperature depen-
dence of M; and ;H. was characterized by determining the temperature coefficients
o(Mr) and B(iH.), where:

[Mr(Tl ) - Mr(TZ)]

M) = S T =Tl

(1)

_ LiHc(T1)=iHc(T2)]

BGHe) = S T - 1] -

(2)
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Fig.1. DSCthermograms of melt-spun (Nd;_,Pry )4 5Fe77B1g5 (y =0.00,0.22,0.45 and
0.66) alloys at a heating rate of 20 K/min.

3. Results and discussion

From XRD studies, all the as-spun ribbons are found to be amor-
phous. Fig. 1 shows the DSC plots of as-spun (Nd;_yPry)4 5Fe77B13 5
(y=0.00, 0.22, 0.45 and 0.66) ribbons. All the thermograms show
two exothermic peaks with peak temperatures Tp1 and T,p. With
addition of Pr, the peak Ty shifts slightly toward lower temperature
side, and the peak T, shifts toward higher temperature side. Fig. 2
shows the typical XRD patterns of y = 0.45 ribbons, both as-spun and
annealed at 898 K (after Tp1) and 978 K (after Ty, ). From XRD stud-
ies it is evident that the desired (Nd,Pr),Fe4B and Fe3B composite
crystallizes out of amorphous phase in two stages. The metastable
(Nd,Pr),Fe;3Bs phase, which crystallizes along with FesB phase
in the first stage (Tp;), decomposes to form (Nd,Pr);Fe4B and
Fe3B during the second stage (T ) [11,16,17]. Similar crystallization
behavior has been observed for all the other ribbons also. Fig. 3
shows the typical TEM micrographs of y =0.45 optimally annealed
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Fig. 2. Typical XRD patterns of (Nd;_yPry)ssFe;7B1g5 (y=0.45) ribbons: (a) as spun,
(b) annealed at 898K, and (c) annealed at 978 K.

Fig. 3. TEM micrograph of (Nd;_,Pry)4sFe77Bigs (y=0.45) optimally annealed rib-
bon.

ribbon. The average grain size is estimated to be ~40 nm for all the
optimally annealed ribbons. Thermomagnetic curves of optimally
annealed (Nd;_yPry)45Fe77B1g5 (y=0.0, 0.22, 0.45 and 0.66) rib-
bons showing two magnetic transitions are presented in Fig. 4. The
first transition corresponds to the T¢ of (Nd,Pr),Fe 4B phase and the
second transition is due to the T¢ of Fe3B phase. T¢ of (Nd,Pr),;Fe14B
phase decreases slightly on Pr addition, whereas the T¢ of Fe3B
remains unchanged.

As-spun ribbons exhibit very low coercivity (;Hc <100e).
Annealing the as-spun ribbons at different temperatures, ;Hc
increases due to crystallization of the amorphous phase. The
annealing temperatures to obtain optimum magnetic properties are

T, [(Nd.Pr),Fe, B]
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Fig. 4. Thermomagnetic curves of (Nd;_yPry)ssFe77B1g5 (y=0.00, 0.22, 0.45 and
0.66) optimally annealed ribbons.
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Fig. 5. Dependence of ;H¢, M; and (BH)max on Pr content in (Nd;_Pry)ssFe77Bigs
(y=0.00, 0.22, 0.45 and 0.66) optimally annealed ribbons.

found to be 968 K for y=0.00, 0.22 ribbons and 978K for y=0.45,
0.66 ribbons. Fig. 5 shows dependence of ;H¢, M; and (BH)max on Pr
content in optimally annealed ribbons. ;H. increases with increase
in Pr content from 2.6kOe at y=0.00 and reaches a maximum
value of 3.6 kOe at y = 0.45. Further increase in Pr content to y = 0.66
decreases the ;H. value to 1.8 kOe. M; decreases continuously from
10.1 to 7.8 kG on increase in Pr from y=0.00 to y=0.66. However,
(BH)max increases from 9.1 to 13.2 MGOe with increase in Pr from
y=0.0 to 0.45, and decreases with further increase in Pr as the
{Hc and M; values decreases. Increase in ;H. with increase in Pr
up to y=0.45 is due to increase in magnetocrystalline anisotropy
field. Decrease in ;H. with further increase in Pr (y >0.45) can be
explained based on the model proposed by Kneller and Hawig [2].
The exchange coupling length in (bcm ) in nanocomposite system is
expressed as:

A\ /2
bem =7T(T(k) (3)

where, A, is exchange energy of the soft phase and K is the mag-
netocrystalline anisotropy constant of the hard phase. To obtain
sufficiently strong exchange coupling, the optimum grain size (by,)
of the soft phase should be approximately equal to bem. Substitu-
tion of Pr increases Ky of the hard magnetic phase [18] resulting in
decrease of bem and particularly for y = 0.66 alloy the exchange cou-
pling length becomes much lower to by, resulting in incompletely
coupled system. When a reverse field is applied, the moments
of the soft phase decoupled from the hard phase, reverse at rel-
atively small reverse field, which in turn make the hard phase
moments to reverse resulting in very low ;H. value. The hysteresis
loop looks uniform without showing any indication of two phases
with extremely different coercivities. Xio et al. [19] and Yang et al.
[20] exploited the effect of Kj on exchange length. They reported an
increase in bey on Sm addition in Nd,Feq4B/Fe3B and Nd,Fe4B/a-
Fe systems. SmjFe 4B phase has negative value of K compared
to Nd,Fe14B phase and substitution of Sm to Nd decreases the Kj
value of the hard (Nd,Sm),Fe4B phase resulting in increased bcm
following the Eq. (3).

Thermal stability of M; and ;H. in optimally annealed
(Ndy_yPry)45Fe77B1g5 (y=0.00, 0.22, 0.45) ribbons is evaluated
by calculating temperature coefficients «o(M;) and B(;Hc) from
hysteresis loops measured at different temperature in 273-523 K
temperature range. Pr dependence of temperature coefficients o
and f calculated using Eq. (1) and (2) are listed in Table 1. The value
of « does not show much dependence, whereas the absolute value
of B increases slightly from 0.323%/K to 0.349%/K on addition of Pr
from y=0.00 to y = 0.45. The increased temperature dependence of
iHc with Pr addition is consistent with the stronger temperature
dependence of Hu in PryFeq4B compared Nd,Fe4B [12].

Table 1
Temperature of coefficients of {H. and M; for (Nd_yPry)ssFe77B1gs (y=0.00, 0.22,
0.45) optimally annealed ribbons.

y Temperature coefficients (%/K)
a(M:) BGH)
0.00 0.098 0.323
0.22 0.099 0.332
0.45 0.102 0.349

The coercivity in nanocrystalline two-phase magnet strongly
depends on a broad set of crystallochemical and morphologi-
cal features which influence the interaction between grains. The
relationship between the microstructure and coercive in nanocrys-
talline magnets can be described by a modified form of Brown'’s
equation [21-23]:

iH(T)  HR™(T)
Ms(T) ~ " Ms(T)

— Negr (4)

where the microstructural parameters o and Ne¢r are related to the
non-ideal microstructure of a realistic magnet. The microstructural
parameter « takes into account the reduced surface anisotropy
of nonperfect grains and as well describes the effect of exchange
coupling between neighboring grains on the coercive field, and
Nefr is an effective demagnetization factor describing the internal
stray fields acting on the grains. H,‘\,‘nin is the minimum nucleation
field. From hysteresis loops measured at different temperatures
the microstructural parameters o and N, are determined by plot-
ting ;Hc(T)Ms(T) vs. H{V“i“(T)/MS(T). Fig. 6 shows ;Hc(T)M(T) vs.
Hﬁi“(T)/MS(T) plots corresponding to y=0.00, 0.22 and 0.45 opti-
mally annealed ribbons along with & and Negr values. The best linear
fit indicates that H. is controlled by the nucleation process [22].
With increase in Pr content from y=0.00 to y =0.45, « value varies
from 0.091 to 0.112. This increase in « can be attributed to decrease
in the grain boundary defects with Pr addition [24]. Neg values are
estimated to be 0.042, 0.044 and 0.044. The extremely lower values
of N in the case of nanocomposite magnets indicate more spher-
ical grain shape compared to conventional uncoupled melt-spun
and sintered magnets.
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Fig. 6. H.(T)[Ms(T)vs. H,’V“‘“(T)/MS(T) plots to determine the microstructural param-
eters  and Negr.



M. Rajasekhar et al. / Journal of Alloys and Compounds 480 (2009) 670-673 673

4. Conclusions

Substitution of Pr for Nd improves ;H. and (BH)max of
Nd4sFe77B1g5 alloys, and optimum magnetic properties of
iHc =3.6 kOe and (BH)max = 13.2 MGOe are obtained for y = 0.45 opti-
mally annealed ribbons. Pr addition decreases T¢ of (Nd,Pr),;Fe 4B
phase slightly, whereas T¢ of Fe3B remains unchanged. Thermal sta-
bility of ;H. decreases slightly on Pr addition, while that of M; is not
affected much. Microsturcture parameter & and Ng¢r are determined
from temperature dependence of ;H. and Pr addition decreases
grain boundary defects.
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